Abstract: This paper develops a numerical model to study fracture network evolution during the nitrogen fracturing process in shale reservoirs. This model considers the differences of incompressible and compressible fluids, shear and tensile failure modes, shale heterogeneity, and the strength and permeability of both shale matrix and bedding planes through the coupling of mechanical-seepage-damage during fracturing fluid injection. The results show that nitrogen fracturing has a lower breakdown pressure and larger seepage zone than hydraulic fracturing under the same injection pressure. Tensile failure was identified as the major reason for the initiation and propagation of fractures. Ignoring the effect of bedding planes, the fracture initiation pressure, breakdown pressure, and fracturing effectiveness reached their maxima when the stress ratio is 1. Under the same strength ratio, the propagation path of the fractures was controlled by the stronger effect that was casused by the bedding angle and stress ratio. With increasing the strength ratio, the fracture number and shearing of the bedding plane increased significantly and the failure pattern changed from tensile-only mode to tensile-shear mode. These analyses indicated that the fracture network of bedding shale was typically induced by the combined impacts of stress ratio, bedding angle and strength ratio.
Introduction
Hydraulic fracturing is a widely applied technology in the extraction of shale gas [1] [2] [3] . This technology improves the permeability of shale reservoirs by pumping a high-pressure fracturing fluid into the borehole and fracturing the tight formation [2] [3] [4] . Water is the main fracturing fluid used, and the effects of water-based fluids on fracture behaviors have been well investigated [5] [6] [7] [8] [9] [10] [11] . However, this traditional technology requires huge quantities of water and causes serious water wastage. After a fracturing operation, the flowback rate of water-based fluids is low. Thus the irreducible water swells the clay in shale reservoirs [12] . This clay swelling decreases the permeability and hence the productivity of the shale gas well is reduced [13, 14] . To enhance the fracturing penetration and prevent these fractures from closing, proppants and chemicals are usually added to the fracturing fluids. This may result in a serious environmental problem [3, 15] . Therefore, waterless fluids including N 2 and CO 2 are proposed to replace the water-based fluids [13, [16] [17] [18] [19] [20] [21] [22] [23] . Several studies have been conducted on nitrogen fracturing [24] [25] [26] [27] . When N 2 is used as the fracturing fluid, the water waste is effectively reduced and the flow back rate is significantly increased. The fracture network performs
Governing Equations for the Mechanical Deformation
The relationship between strain and displacement is obtained as:
where ε ij represents the strain; u i represents the component of displacement.
For saturated porous media, the motion equation of the pseudo-static deformation process is:
where f i represents the body force per unit volume in the ith direction; σ ij represents the component of the total stress. According to the principle of effective stress, the effective stress is:
where p and δ ij are the pore pressure and Kronecker delta; α is the Biot's coefficient and α = 1 − K/K s ; K and K s are the bulk modulus of shale and shale grains, respectively. On the basis of poroelasticity [48] , the constitutive relation can be obtained as:
where G is the shear modulus and G = E/2(1 + ν); E and ν represent Young's modulus and the Poisson's ratio, respectively. Substituting Equations (1)- (3) into Equation (4) , the Navier equation is obtained as:
A General Model for Porosity and Permeability
The porosity of the porous media can be described as [49] : where R = α/φ 0 ; φ 0 and φ represent the initial and current porosity, respectively. In Equation (6) , ∆ε e is obtained as:
Ignoring the effect of sorption, the current and initial effective volumetric strains are:
where ε V and ε V0 represent the current and initial volumetric strain, respectively; p 0 represents the initial pore pressure. Based on the cubic law, the permeability can be obtained as:
where k and k 0 are the current and initial permeability, respectively. Substituting Equations (7) and (8) into Equation (6) , the time derivative of φ is obtained as:
Governing Equation for Fracturing Fluid Flow
The mass conservation law of fluid flow yields [50] :
where m and Q s are the fluid mass content and the fluid source in the flow system, respectively; ρ and → v represent the fluid density and the fluid velocity vector, respectively. Ignoring the sorption effect, m is obtained as:
According to Darcy's law, the fluid velocity vector is expressed as (without gravity effect):
where µ is the dynamic viscosity of the injection fluid. Without considering the fluid source, Equation (8) is obtained as:
Substituting Equations (10) , (12) and (13) into Equation (14) yields [28] :
where c ρ represents the isothermal coefficient of compressibility. It is:
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For nitrogen, the density is controlled by the temperature and pressure. It is:
where M g and R represent the molar mass of nitrogen and the universal gas constant, respectively; Z is the compressibility factor; T is the temperature. Applying Equation (17) to Equation (16) yields [51] :
For water, Equation (16) becomes:
where K f represents the bulk modulus of water.
Damage Variables and Their Evolution
During rock failure, heterogeneity has a considerable effect on evolution of the fracture network [52, 53] . In order to describe the rock heterogeneity, the domain is discretized into finite nodes. The mechanical parameter at each node is assumed to obey a Weibull distribution as [52] :
where x represents the mechanical parameter at this node, which refers to strength or Young's modulus; x 0 and b represent the scale parameter and the shape parameter, which are related to the average value of the parameter and the shape of the distribution function, respectively. Based on Equation (20) , heterogeneous parameter for each node is obtained by a Monte-Carlo simulation. During the hydraulic fracturing process, both tensile damage and shear damage are observed. Based on the elastic damage theory, Figure 1 shows the typical constitutive law for rock under uniaxial stress. During damage analysis, the tensile failure for each node is firstly judged by tensile damage criterion. The shear damage criterion is applied to judge the node failure when the tensile damage criterion is not satisfied. These two criteria are defined below (tensile stress is considered positive). (17) where g M and R represent the molar mass of nitrogen and the universal gas constant, respectively; Z is the compressibility factor; T is the temperature. Applying Equation (17) to Equation (16) yields [51] :
where f K represents the bulk modulus of water.
where x represents the mechanical parameter at this node, which refers to strength or Young's modulus; 0 x and b represent the scale parameter and the shape parameter, which are related to the average value of the parameter and the shape of the distribution function, respectively. Based on Equation (20) , heterogeneous parameter for each node is obtained by a Monte-Carlo simulation. During the hydraulic fracturing process, both tensile damage and shear damage are observed. Based on the elastic damage theory, Figure 1 shows the typical constitutive law for rock under uniaxial stress. During damage analysis, the tensile failure for each node is firstly judged by tensile damage criterion. The shear damage criterion is applied to judge the node failure when the tensile damage criterion is not satisfied. These two criteria are defined below (tensile stress is considered positive). 
Tensile Damage Criterion
The principle of maximum tensile stress is introduced here to determine the tensile failure at each node [52] . This criterion is expressed as: The principle of maximum tensile stress is introduced here to determine the tensile failure at each node [52] . This criterion is expressed as:
where σ e 1 and σ t represent the first principal effective stress and the tensile strength, respectively. From Figure 1 , the tensile damage variable is expressed as:
where ε 1 represents the first principal strain; ε t represents the tensile peak strain, under which the tensile failure occurs.
Shear Damage Criterion
Since the Mohr-Coulomb criterion ignores the impact of the second principal stress on rock failure, the Drucker-Prager criterion is used in this study:
where I 1 represents the first invariant of effective stress tensor and I 1 = σ e 1 + σ e 2 + σ e 3 ; J 2 represents the second invariant of effective stress and
; σ e 2 and σ e 3 are the second and third principal effective stresses; α dp and K 3 are the parameters to describe the yield and potential plastic functions, respectively:
where α dp is the Lode angle and α dp =
; ϕ and c represent the internal friction angle and the cohesion, respectively. In comparison with the Mohr-Coulomb criterion, the Lode angle considers the impact of the second principal stress and influences the parameters of α dp and K 3 . Figure 2 compares the yield surfaces of the Drucker-Prager and Mohr-Coulomb criteria on the deviatoric plane. It shows that these two criteria can be adjusted to the same one by defining α dp and K 3 as certain functions [54] . Based on Figure 1 , the shear damage variable is expressed as:
where ε c is the compressive peak strain, under which the compressive failure occurs; ε 3 is the third principal strain. From Equations (22) and (25) , the tensile damage variable is negative and the shear damage variable is positive. Therefore, the damage variables can reflect the damage degree and the failure mode of each node. 
Relationship between Damage and Permeability
Material degradation is a common phenomenon and affects its mechanical parameters [55, 56] . Before node failure, the damage variable remains zero and Young's modulus stays constant. After a node failure, Young's modulus reduces linearly with the damage variable abs. That is:
where D is the abs of the damage variable and or
Also, the permeability increases significantly with damage evolution. Because of the complex relationship between damage and permeability, an amplification factor is used to characterize the impact of the damage on permeability [53] . Therefore, Equation (9) is revised as:
where D  is the amplification factor, which describes the damage-induced enhancement of permeability.
Verification of This Numerical Model

Experimental Observations in the Nitrogen Fracturing Process
The nitrogen fracturing experiment was performed under laboratory conditions on a shale sample with a bedding angle of 90  [27] . A sealant was used to seal the shale sample and the loading axial compression force was 8 kN. The axial hole (5 mm in diameter) was injected with nitrogen to fracture the shale sample. The nitrogen fracturing test system is presented in Figure 3 .
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where α D is the amplification factor, which describes the damage-induced enhancement of permeability.
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Experimental Observations in the Nitrogen Fracturing Process
Axial loading system
Loading control system The history curve of injection pressure versus time is shown in Figure 4a . The injection pressure increases almost linearly before the shale failure and the pressurization rate reaches 12.6 kPa/s. After the shale failure, the injection pressure decreases rapidly from the maximum injection pressure of 5.7 MPa. This indicates that fractures propagate through the shale section only a short time after cracking is initiated inducing the abrupt failure of the shale. Figure 4b presents the failure mode and fracture pattern after nitrogen fracturing. A split failure mode of shale was observed during the experiment, indicating that the tensile failure was the main failure mode during nitrogen fracturing. Fracture initiation occurred from the borehole wall and the fracture propagated along the bedding plane.
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The history curve of injection pressure versus time is shown in Figure 4a . The injection pressure increases almost linearly before the shale failure and the pressurization rate reaches 12.6 kPa/s. After the shale failure, the injection pressure decreases rapidly from the maximum injection pressure of 5.7 MPa. This indicates that fractures propagate through the shale section only a short time after cracking is initiated inducing the abrupt failure of the shale. Figure 4b presents the failure mode and fracture pattern after nitrogen fracturing. A split failure mode of shale was observed during the experiment, indicating that the tensile failure was the main failure mode during nitrogen fracturing. Fracture initiation occurred from the borehole wall and the fracture propagated along the bedding plane. 
Numerical Simulation
The numerical model is composed of the governing equations for the mechanical deformation (Equation (5)), the fracturing fluid flow (Equation (15)), and the damage criteria (Equations (21)- (23) and (25)). The interaction of these physical processes is shown in Figure 5 . The fracture network is formed by the failure nodes. Combining the constitutive laws of Equations (6), (26) and (27) , this model was applied to investigate the fracture network evolution during nitrogen fracturing in shale. Numerical simulations are conducted with the platform of COMSOL using MATLAB. The mechanical deformation (Equation (5)) was conducted by the solid mechanics module in COMSOL and the fracturing fluid flow (Equation (15)) was implemented through the PDE module in COMSOL. According to the simulation results from COMSOL, the damage criteria ((Equations (21)- (23) and (25))) were checked by the MATLAB function. The computational schematic chart is shown in Figure 6 and briefly summarized as follows: (1) The geometry model is established and discretized into a set of nodes to characterize the heterogeneity; (2) The coupling calculation is 
The numerical model is composed of the governing equations for the mechanical deformation (Equation (5)), the fracturing fluid flow (Equation (15)), and the damage criteria (Equations (21)- (23) and (25)). The interaction of these physical processes is shown in Figure 5 . The fracture network is formed by the failure nodes. Combining the constitutive laws of Equations (6), (26) and (27) , this model was applied to investigate the fracture network evolution during nitrogen fracturing in shale. Numerical simulations are conducted with the platform of COMSOL using MATLAB. The mechanical deformation (Equation (5)) was conducted by the solid mechanics module in COMSOL and the fracturing fluid flow (Equation (15)) was implemented through the PDE module in COMSOL. According to the simulation results from COMSOL, the damage criteria ((Equations (21)- (23) and (25))) were checked by the MATLAB function. The computational schematic chart is shown in Figure 6 and briefly summarized as follows: (1) The geometry model is established and discretized into a set of nodes to characterize the heterogeneity; (2) The coupling calculation is conducted by COMSOL Table 1 lists the main computational parameters of the shale matrix and bedding planes, including Young's modulus, tensile strength, cohesion, internal friction angle, porosity and permeability. Figure 7 presents a computational model for bedding shale to investigate the fracture network evolution during nitrogen fracturing. The bedding angle of the shale is 90°. The inner diameter is 5 mm and the outer diameter is 50 mm. The shale matrix and bedding plane have different distributions of Young's modulus. The nitrogen pressurization rate is 12.6 kPa/s, which was obtained by the pressure-time profile in Figure 4a . The nitrogen viscosity is taken as 18 μPa s  . Table 1 lists the main computational parameters of the shale matrix and bedding planes, including Young's modulus, tensile strength, cohesion, internal friction angle, porosity and permeability. Bedding plane Matrix Figure 8 presents the fracture network evolution versus time during the nitrogen fracturing. The blue color and red color represent fractures formed by tensile failure nodes and shear failure nodes, respectively. The tensile failure is the major cause of fracture network evolution. The fractures initiated from the borehole wall and propagated along the bedding plane. This was because the bedding plane had lower tensile strength than the shale matrix. The fractures grew slowly from t = 300 s (the time of fracture initiation) to t = 430 s and propagated rapidly from t = 430 s to t =435 s. A split failure pattern in shale has been observed in the experiment above. This indicated that the fracture network evolution in the numerical simulation agreed well with the experimental results. The blue color and red color represent fractures formed by tensile failure nodes and shear failure nodes, respectively. The tensile failure is the major cause of fracture network evolution. The fractures initiated from the borehole wall and propagated along the bedding plane. This was because the bedding plane had lower tensile strength than the shale matrix. The fractures grew slowly from t = 300 s (the time of fracture initiation) to t = 430 s and propagated rapidly from t = 430 s to t =435 s. A split failure pattern in shale has been observed in the experiment above. This indicated that the fracture network evolution in the numerical simulation agreed well with the experimental results.
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Figure 7 presents a computational model for bedding shale to investigate the fracture network evolution during nitrogen fracturing. The bedding angle of the shale is 90°. The inner diameter is 5 mm and the outer diameter is 50 mm. The shale matrix and bedding plane have different distributions of Young's modulus. The nitrogen pressurization rate is 12.6 kPa/s, which was obtained by the pressure-time profile in Figure 4a . The nitrogen viscosity is taken as 18 μPa s  . Table 1 lists the main computational parameters of the shale matrix and bedding planes, including Young's modulus, tensile strength, cohesion, internal friction angle, porosity and permeability. Figure 8 presents the fracture network evolution versus time during the nitrogen fracturing. The blue color and red color represent fractures formed by tensile failure nodes and shear failure nodes, respectively. The tensile failure is the major cause of fracture network evolution. The fractures initiated from the borehole wall and propagated along the bedding plane. This was because the bedding plane had lower tensile strength than the shale matrix. The fractures grew slowly from t = 300 s (the time of fracture initiation) to t = 430 s and propagated rapidly from t = 430 s to t =435 s. A split failure pattern in shale has been observed in the experiment above. This indicated that the fracture network evolution in the numerical simulation agreed well with the experimental results. simulation well fits the experimental results. The failure number is defined as the number of failure nodes. Before the shale failure, the failure number is small and increases slowly. When the shale failure occurs, the failure number increases rapidly due to the fast propagation of fractures as shown in Figure 8 . Furthermore, the tensile failure number is much larger than the shear failure number during nitrogen fracturing. Since a split failure pattern is induced by the tensile failure, the evolution of failure number is consistent with the experimental observation. In conclusion, the proposed model has the capability to simulate the nitrogen fracturing of shale formation.
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Fracture Network Evolution during Nitrogen Fracturing
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Comparison between Water Fracturing and Nitrogen Fracturing
In this section, the fracture network evolution, permeability and pore pressure during water fracturing and nitrogen fracturing were compared. The impact of the bedding plane was ignored in the analysis. The stress ratio is taken as 1 and the computational parameters are presented in Table 2 . Figure 11 presents the evolutions of fracture network, permeability and pore pressure during the water and nitrogen fracturing processes. From the first row of Figure 11 , fractures initiated at the borehole wall and gradually extended outwards. Tensile failure was the major failure mode which was responsible for the initiation and propagation of fractures. Comparing the first and second columns of the first row, the fractures of nitrogen fracturing are much longer than those of water fracturing at the same injection pressure. In the third column of the first row, the fractures of water fracturing continued to propagate with injection pressure. 
In this section, the fracture network evolution, permeability and pore pressure during water fracturing and nitrogen fracturing were compared. The impact of the bedding plane was ignored in the analysis. The stress ratio is taken as 1 and the computational parameters are presented in Table  2 . Figure 11 presents the evolutions of fracture network, permeability and pore pressure during the water and nitrogen fracturing processes. From the first row of Figure 11 , fractures initiated at the borehole wall and gradually extended outwards. Tensile failure was the major failure mode which was responsible for the initiation and propagation of fractures. Comparing the first and second columns of the first row, the fractures of nitrogen fracturing are much longer than those of water fracturing at the same injection pressure. In the third column of the first row, the fractures of water fracturing continued to propagate with injection pressure. After the complete failure of the shale, nitrogen fracturing and water fracturing produced the same number of fractures, but the total length of fractures was a little bigger for water fracturing than for nitrogen fracturing. This is shown in the third row of Figure 11 . From the second row of Figure 11 , the permeability of the fracture network increased significantly due to the damage increment. Therefore, the injection fluid permeated into the fracture network more easily than the non-damaged zone. The permeability of radial fractures decreased along the fracture propagation path. It was larger near the borehole than near the fracture front. According to the effect of the fracture network, nitrogen fracturing had larger seepage area than water fracturing.
The failure number during water fracturing and nitrogen fracturing is compared in Figure 12 . Fracture initiation occurred under almost the same injection pressure for water fracturing as for nitrogen fracturing. After the fracture initiation, the failure number of nitrogen fracturing increased more rapidly and induced a lower breakdown pressure. This was because nitrogen had lower viscosity and higher compressibility, and thus permeated faster in the fracture network than water. The pore pressure changed in a larger zone and modified the effective stress in this zone. Therefore, the fractures propagated rapidly after fracture initiation during nitrogen fracturing. After the complete failure of shale, the cumulative failure number of water fracturing and nitrogen fracturing had a slight difference. In summary, the nitrogen fracturing had a lower breakdown pressure and larger seepage area under the same injection pressure. The fractures from nitrogen fracturing propagated more easily. In consideration of the material and environmental advantages of nitrogen fracturing, nitrogen fracturing can be an alternative method to water fracturing.
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The failure number during water fracturing and nitrogen fracturing is compared in Figure 12 . Fracture initiation occurred under almost the same injection pressure for water fracturing as for nitrogen fracturing. After the fracture initiation, the failure number of nitrogen fracturing increased more rapidly and induced a lower breakdown pressure. This was because nitrogen had lower viscosity and higher compressibility, and thus permeated faster in the fracture network than water. The pore pressure changed in a larger zone and modified the effective stress in this zone. Therefore, the fractures propagated rapidly after fracture initiation during nitrogen fracturing. After the complete failure of shale, the cumulative failure number of water fracturing and nitrogen fracturing had a slight difference. In summary, the nitrogen fracturing had a lower breakdown pressure and larger seepage area under the same injection pressure. The fractures from nitrogen fracturing propagated more easily. In consideration of the material and environmental advantages of nitrogen fracturing, nitrogen fracturing can be an alternative method to water fracturing. 
Impact of Stress Ratio
In this section, the effect of stress ratio on the fracture network evolution during nitrogen fracturing is investigated. The stress ratio (   ) is set to be 0.5, 0.75, 1, 1.25 and 1.5, respectively.
During the nitrogen fracturing, the evolutions of fracture network, permeability and pore pressure with stress ratio are presented in Figure 13 . The initiation and propagation of main fractures were normal to the maximal principal in-situ stress. This behavior was also observed in the previous experiments [10] . The morphology of the fracture network varied with the stress ratio, which was in agreement with the simulation results of previous research [29] . The fracture number of the nitrogen fracturing reached the maximum when =1   and decreased with either a decrease or an increase of stress ratio. This indicated that the fracture network was the most complex under an isotropic stress state. Due to the significant effect of damage on permeability, the permeability of 
In this section, the effect of stress ratio on the fracture network evolution during nitrogen fracturing is investigated. The stress ratio (α σ ) is set to be 0.5, 0.75, 1, 1.25 and 1.5, respectively. During the nitrogen fracturing, the evolutions of fracture network, permeability and pore pressure with stress ratio are presented in Figure 13 . The initiation and propagation of main fractures were normal to the maximal principal in-situ stress. This behavior was also observed in the previous experiments [10] . The morphology of the fracture network varied with the stress ratio, which was in agreement with the simulation results of previous research [29] . The fracture number of the nitrogen fracturing reached the maximum when α σ = 1 and decreased with either a decrease or an increase of stress ratio. This indicated that the fracture network was the most complex under an isotropic stress state. Due to the significant effect of damage on permeability, the permeability of the fracture network increased conspicuously, inducing the largest seepage area and pore pressure when α σ = 1, see Figure 13 . The change in failure number with stress ratio is shown in Figure 14 . After the fracture initiation, the failure number grew rapidly with injection pressure. In the last load step, the failure number increased the most, indicating that the fractures propagated rapidly and completely destroyed the shale in a short time. Figure 15 presents the changes in the fracture initiation pressure ( ini P ) and breakdown pressure ( break P ) with the stress ratio. and increased with stress ratio. Therefore, there was a positive relationship between the breakdown pressure and stress ratio. When 1    , the constant horizontal stress became the maximal principal stress. Therefore, the value of break P almost remained constant. In summary, the stress The change in failure number with stress ratio is shown in Figure 14 . After the fracture initiation, the failure number grew rapidly with injection pressure. In the last load step, the failure number increased the most, indicating that the fractures propagated rapidly and completely destroyed the shale in a short time. Figure 15 presents the changes in the fracture initiation pressure (P ini ) and breakdown pressure (P break ) with the stress ratio. The value of P ini rapidly increased with stress ratio when α σ < 1 and then slightly decreased with stress ratio when α σ > 1. It reached the maximal value when α σ = 1. The value of P break was associated with the tensile strength of shale and the maximal principal stress. When α σ < 1, the vertical stress was the maximal principal stress and increased with stress ratio. Therefore, there was a positive relationship between the breakdown pressure and stress ratio. When α σ > 1, the constant horizontal stress became the maximal principal stress. Therefore, the value of P break almost remained constant. In summary, the stress ratio had a significant impact on fracture network evolution during the nitrogen fracturing. The fracture initiation pressure, fracture effectiveness and failure number reached their maximums when α σ = 1. 
Impact of Bedding Angle
Previous studies [4, 32] have shown that the bedding plane had a significant impact on fracture behaviors due to its low strength, low Young's modulus and high permeability. This section investigates the effect of the bedding angle on nitrogen fracturing under different stress ratios. The bedding angle ( ) is set to be 0  , 30  , 60  and 90  , whose Young's modulus is shown in the first column of Figure 16 . The computational parameters for the bedding shale are taken from Table 1 . Figure 16 presents the fracture network evolution of the bedding shale with different bedding angles and stress ratios. It is observed that the fractures initiate from the borehole wall and propagate outwards to the far-field zone. The fracture initiation is mainly induced by tensile failure. ratio had a significant impact on fracture network evolution during the nitrogen fracturing. The fracture initiation pressure, fracture effectiveness and failure number reached their maximums when =1 
Previous studies [4, 32] have shown that the bedding plane had a significant impact on fracture behaviors due to its low strength, low Young's modulus and high permeability. This section investigates the effect of the bedding angle on nitrogen fracturing under different stress ratios. The bedding angle ( ) is set to be 0  , 30  , 60  and 90  , whose Young's modulus is shown in the first column of Figure 16 . The computational parameters for the bedding shale are taken from Table 1 . Figure 16 presents the fracture network evolution of the bedding shale with different bedding angles and stress ratios. It is observed that the fractures initiate from the borehole wall and propagate outwards to the far-field zone. The fracture initiation is mainly induced by tensile failure. 
Previous studies [4, 32] have shown that the bedding plane had a significant impact on fracture behaviors due to its low strength, low Young's modulus and high permeability. This section investigates the effect of the bedding angle on nitrogen fracturing under different stress ratios. The bedding angle (θ) is set to be 0 • , 30 • , 60 • and 90 • , whose Young's modulus is shown in the first column of Figure 16 . The computational parameters for the bedding shale are taken from Table 1. Figure 16 presents the fracture network evolution of the bedding shale with different bedding angles and stress ratios. It is observed that the fractures initiate from the borehole wall and propagate outwards to the far-field zone. The fracture initiation is mainly induced by tensile failure. When α σ < 1, the main fractures are normal to the maximal principal stress for θ = 0 • , 60 • or 90 • , but along the bedding plane for θ = 30 • . When α σ = 1, the main fractures are along the bedding plane regardless of the bedding angle. When α σ > 1, the fracture network is complex and changes with bedding angle. When α σ = 1.25, the shale has four fractures along different directions for θ = 0 • ; the fractures propagate along the bedding plane at first and gradually turn to be normal to the maximal principal stress for θ = 30 • ; the fractures are along the bedding plane for θ = 60 • and 90 • . When α σ = 1.5, the fractures are tortuous for θ = 30 • , but the tortuosity is smaller than that for θ = 30 • and α σ = 1.25; the number of fractures is 3 for θ = 60 • , while it is only 2 for θ = 60 • and α σ = 1.25. These observations indicate that the fracture network varies with the bedding angle even when the same stress ratio is applied. Similarly, under the same bedding angle, the fracture network is related to the stress ratio. Therefore, the impacts of the bedding angle and stress ratio are not independent, which was consistent with the finding reported in [57] .
The combination of these impacts induced the fractures propagation along different paths. For example, Case 1: when the bedding angle had a stronger impact than the stress ratio, the fractures propagated along the bedding plane as presented in the cases of 0 These observations indicate that the fracture network varies with the bedding angle even when the same stress ratio is applied. Similarly, under the same bedding angle, the fracture network is related to the stress ratio. Therefore, the impacts of the bedding angle and stress ratio are not independent, which was consistent with the finding reported in [57] . The combination of these impacts induced the fractures propagation along different paths. For example, Case 1: when the bedding angle had a stronger impact than the stress ratio, the fractures propagated along the bedding plane as presented in the cases of Figure 17 presents the change of failure number in bedding shale with stress ratio and bedding angle during the nitrogen fracturing. The failure number increases with injection pressure and has a sharp growth after the fracture initiation. After the complete failure of shale, the cumulative failure number is larger when the impacts of bedding plane and stress ratio are of similar magnitude as Young's modulus and fracture network evolution of bedding shale during nitrogen fracturing. Figure 17 presents the change of failure number in bedding shale with stress ratio and bedding angle during the nitrogen fracturing. The failure number increases with injection pressure and has a sharp growth after the fracture initiation. After the complete failure of shale, the cumulative failure number is larger when the impacts of bedding plane and stress ratio are of similar magnitude as shown in Figure 16 . This indicates that the fracture network is more effective in the bedding shale of Case 2. Figures 18 and 19 present the changes of the fracture initiation pressure and breakdown pressure with stress ratio and bedding angle. Under the same bedding angle, the values of P ini and P break vary with stress ratio. The evolution tendencies are similar for different bedding angles and the average values of P ini and P break are obtained. It is found that the average values increase at first and then decrease slightly with stress ratio, reaching the maximum when α σ = 1.25. Furthermore, the values of P ini and P break among different bedding angles also change with stress ratio and their difference reaches a 
Impact of Strength Ratio
This section discusses the impact of the bedding plane strength on fracture network evolution during nitrogen fracturing. The shale with 30  bedding angle is taken as the sample and the tensile strength of the bedding plane is assumed as 0.25 MPa, 0.5 MPa and 1.5 MPa, while the strength of the shale matrix remains constant. The strength ratio ( T  ) is defined as the tensile Figure 19 . Change of breakdown pressure with stress ratio and bedding angle.
This section discusses the impact of the bedding plane strength on fracture network evolution during nitrogen fracturing. The shale with 30 • bedding angle is taken as the sample and the tensile strength of the bedding plane is assumed as 0.25 MPa, 0.5 MPa and 1.5 MPa, while the strength of the shale matrix remains constant. The strength ratio (α T ) is defined as the tensile strength of the shale matrix to the tensile strength of the bedding plane. Figure 20 shows the evolution of the fracture network in bedding shale with stress ratio and strength ratio during nitrogen fracturing. It shows that the strength ratio has a significant impact on the fracture network evolution during nitrogen fracturing. Under the same stress ratio, the propagation path and effectiveness of the fracture network vary with the strength ratio. Both fractures and damage zone increase significantly with strength ratio. When α T = 30, shear failure nodes are numerous and mainly occur along the bedding plane, inducing bedding slide during nitrogen fracturing. This means that a large strength ratio changes the failure mode in the bedding plane and induces more bedding plane shearing. However, the shear failure nodes are discrete and mainly distributed in the far-field zone. The main fractures initiating from the borehole wall are still induced by the tensile failure. 
This section discusses the impact of the bedding plane strength on fracture network evolution during nitrogen fracturing. The shale with 30  bedding angle is taken as the sample and the tensile strength of the bedding plane is assumed as 0.25 MPa, 0.5 MPa and 1.5 MPa, while the strength of the shale matrix remains constant. The strength ratio ( T  ) is defined as the tensile strength of the shale matrix to the tensile strength of the bedding plane. Figure 20 shows the evolution of the fracture network in bedding shale with stress ratio and strength ratio during nitrogen fracturing. It shows that the strength ratio has a significant impact on the fracture network evolution during nitrogen fracturing. Under the same stress ratio, the propagation path and effectiveness of the fracture network vary with the strength ratio. Both fractures and damage zone increase significantly with strength ratio. When Figure 21 shows the changes in cumulative failure number and shear failure percentage with stress ratio and strength ratio. The shear failure percentage is defined as the shear failure number to overall failure number. Both cumulative failure number and shear failure percentage increase with strength ratio. This means that fracturing effectiveness is better for larger strength ratios and the failure pattern of shale changes from tensile-only mode to tensile-shear combination mode due to the obvious increase in bedding plane shearing. Further, under the same strength ratio, both cumulative failure number and shear failure percentage vary with stress ratio. When α T = 5, the cumulative failure number reaches its maximum for α σ = 0.5 and α σ = 1.25. When α T = 15, the cumulative failure number reaches its maximum for α σ = 1.25 and α σ = 1.5. When α T = 30, the cumulative failure number reaches its maximum for α σ = 1.5. However, the shear failure percentage only reaches its maximum for α σ = 1.5. This indicates that the impact of stress ratio on failure number of bedding shale is also related to the strength ratio. Considering the conclusion in Section 4.3, the fracture network evolution of bedding shale is associated with the combined impact of the stress ratio, bedding angle and strength ratio. In order to increase the fracture effectiveness, this combination impact should be carefully considered in engineering applications.
cumulative failure number reaches its maximum for =1.25 and =1.5 . This indicates that the impact of stress ratio on failure number of bedding shale is also related to the strength ratio. Considering the conclusion in Section 4.3, the fracture network evolution of bedding shale is associated with the combined impact of the stress ratio, bedding angle and strength ratio. In order to increase the fracture effectiveness, this combination impact should be carefully considered in engineering applications. 
Conclusions
This study proposed a numerical model to study fracture network evolution during the nitrogen fracturing process in shale reservoirs with various stress ratios, bedding angles and strength ratios. The proposed model is composed of the mechanical deformation of shale, the fracturing fluid flow and the damage criteria of tensile mode and shear mode. This model was validated using the experimental data. The following specific conclusions were drawn.
The proposed model has the capacity to investigate fracture network evolution, permeability and pore pressure distribution during the nitrogen fracturing. Ignoring bedding planes, the fracture initiation pressure, breakdown pressure and fracturing effectiveness reached their maxima when the stress ratio is 1. The main fractures initiated and propagated normal to the maximal principal in-situ. The permeability of the fracture network increased significantly, inducing a larger seepage area and pore pressure during nitrogen fracturing in shale. The failure number increased rapidly after fracture initiation, resulting in a rapid propagation of fractures and an abrupt failure of the shale.
